The mechanical properties of high-quality suspended GaN microstructures fabricated by GaN-on-patterned-silicon technique are characterized. Micro-Raman scattering is used to study the stress distribution in the GaN microstructures, and the measured results show that the stress in GaN microbeams decreases 47% when the silicon underneath the microbeams is removed. Microbeam bending test is used to measure the Young's modulus of GaN films grown on silicon ͑111͒ substrate, yielding a Young's modulus of 330 GPa.
For GaN grown on silicon substrate, because the silicon substrate is softer than GaN, the nanoindentation has to consider substrate effect, complicating the analysis. 12 The microbeam bending test is a useful technique for characterizing Young's modulus of thin films, and provides an approach that minimizes the substrate effect. 13 However, the microbeam bending test for GaN films has not been reported. Besides nanoindentation, micro-Raman scattering has also been extensively used to study GaN and is a proven method for studying residual stress. [14] [15] [16] [17] [18] The stress is an important factor for characterizing the quality of GaN films, and also essential to accurately extracting the Young's modulus in the microbeam bending test.
In this letter, the mechanical characterization of suspended GaN microstructures fabricated by the low-cost GaN-on-patterned-silicon ͑GPS͒ technique 19 is reported. Micro-Raman E 2 ͑high͒ phonon scattering is used to study the tensile stress distribution along the GaN suspended microbeams, and the microbeam bending test is used for the first time to extract the Young's modulus of single crystal Wurtzite GaN films grown on silicon substrate.
The GPS technique is depicted in Fig. 1 , which combines the selective area growth technique and sacrificial etching techniques. In our experiments, ͑111͒ oriented 2-in. silicon wafer is used as the growth substrate. At first, prior to the MOCVD ͑metal organic chemical vapor deposition͒ growth of the GaN film, the substrate was patterned according to the designed GaN microstructures using photolithography and inductively coupled plasma reactive ion etching ͑ICP-RIE͒. The height of the silicon ridges in our experiment is about 2 m. on the sidewalls of the silicon ridges after growth, it can be effectively removed by a short ͑ϳ30 sec͒ dip in potassium hydroxide ͑KOH͒ or tetra-methyl-ammonium hydroxide ͑TMAH͒ solution before the sacrificial etching. After growth on the patterned silicon substrate, the predefined patterns were transferred to the GaN films grown on the silicon ridges. Starting from the exposed sidewalls of the silicon ridges, silicon underneath the GaN films was sacrificially etched by a common silicon etchant to make GaN structures suspended on the substrate, as depicted in Fig. 1͑b͒ . The sacrificial etching step can use either anisotropic wet etchant, such as tetra-methyl-ammonium hydroxide ͑TMAH͒ and potassium hydroxide ͑KOH͒, or isotropic etchant, such as HNA solutions ͓the mixture of hydrofluoric acid ͑HF͒, nitric acid ͑HNO 3 ͒, and acetic acid ͑CH 3 COOH͔͒. In this experiment, a ͑99: 1͒HNO 3 / HF solution is used to etch silicon with a lateral etch rate of 1.5 m / min. As shown in Fig. 2 , a suspended microbeam array with the length of 49 m and the width of 4 m was fabricated by this method.
Micro-Raman scattering is used to quantitatively characterize the in-plane stress in the fabricated suspended microbeams. The E 2 ͑high͒ mode in the Raman spectra is used because it has been proven particularly sensitive to biaxial stress in GaN films. 15, 16 The previous experimental results have shown that the stress in the patterned GaN microstructures is at least 50% lower than that observed in the large GaN films grown on unpatterned silicon substrates. 20 Here the stress in a microbeam ͑49 m long and 5 m wide͒ before and after release is also studied. Fig. 3͑a͒ shows the E 2 ͑high͒ Raman spectra taken on the unpatterned GaN films, on the GaN microbeam before and after release, respectively. To quantitatively analyze the stress in GaN films, the E 2 ͑high͒ frequency at the free-end of a GaN cantilever ͑50 m long and 5 m wide͒ fabricated on the same wafer is chosen as the standard of stress-free frequency. The free-stress frequency is measured to be 568.08 cm −1 , very close to the value of 568 cm −1 for bulk crystal GaN reported by Perlin et al. 14 The Raman spectra exhibit a redshift with respect to the stress-free value, indicating tensile stress builds up in GaN films after growth. The tensile stress originates from the large difference in the thermal expansion coefficients and lattice mismatch between GaN and Silicon. 16 Here we assume a linear relationship between the biaxial stress xx and E 2 ͑high͒ Raman shift ⌬:
16,17 ⌬ = K xx . With the K value of 4.3 cm −1 / GPa, 16 it can be calculated that the tensile stress in GaN films on the unpatterned area, and the microbeam before and after release are 0.953, 0.463, and 0.244 GPa, respectively. It can be observed that the stress is reduced by 51% for the GaN microbeam compared to the unpatterned area, and further decreased by 47% when the silicon underneath the GaN microbeam is removed. According to the equation given by Jain et al. 21 and material properties taken from literatures, 16, 22, 23 the stress in GaN films grown on the unpatterned silicon generated by thermal mismatch is estimated to be 0.783 GPa. The stress on the microbeam before and after release is also simulated using the two-dimensional model proposed by Jain et al. 21 by the finite element simulation tool ANSYS®, with the simulated stress distribution shown in Fig. 3͑c͒ . The simulated stresses on the microbeam center before and after release are 0.41 and 0.37 GPa, respectively. Both the simulated stress in the unreleased GaN microbeam and the calculated stress on the un-patterned area larger than our experimental result, indicating there are other mechanisms other than the thermal mismatch causing the stress, such as lattice mismatch and buffer layer design. The uniformity of the simulated stress on the released microbeam is consistent with the experimental result shown in Fig. 3͑b͒ , but the values are about 50% larger. The difference indicates the stress relaxation in the suspended microbeam is also contributed by other mechanisms besides thermal stress relaxation.
The microbeam bending test is carried out on a suspended microbeam ͑49 m long and 5 m width͒ by Nano Indenter II System ͑Nano Instrument, INC., TN͒. This instrument monitors and records the dynamic load and displacement of the indenter with a force resolution of 75 nN and displacement resolution of 0.4 nm. As shown in Fig. 4͑a͒ , the load is applied on the center of the microbeam at room temperature with a maximum load of 800 N. Calibration and alignment were performed prior to the testing to ensure that the indenter was set at the middle of the beam and perpendicular to the beam length direction. Figure 4͑b͒ is the loaddeflection curve of the GaN beam, which shows linear behavior during small deformation. By including the effect of the residual stress ͑which was quantified in the micro-Raman measurement͒ and the boundary supporting conditions of the suspended beam, the GaN beam's load-deflection behavior was simulated using ANSYS® with various Young's modulus E. The simulated loading curves were then compared to the measured results, and plotted in Fig. 4͑b͒ . It can be seen that the measured loading-deflection curve lies between the curves with an E value of 300 GPa and with an E of 360 GPa, as shown in Fig. 4͑b͒ . It is estimated that the Young's modulus of the fabricated GaN beam is about 330 GPa because the measured loading curve is in good agreement with the curve of when E is set to 330 GPa. When the residual tensile stress is neglected in our model, the derived Young's modulus is about 450 GPa, 36% larger than the result when the residual stress is included. This observation indicates that the stress stiffening plays an important role in our model. As summarized by Wagner and Bechstedt, 24 the reported Young's modulus of GaN is quite scattering. The Young's modulus from our experiments is larger than the nanoindentation results on bulk GaN crystal ͓287 GPa ͑Ref. 8͒ and 295 GPa ͑Ref. 10͔͒ and epitaxial GaN films ͓290 GPa ͑Ref. 9͒ and 210 GPa ͑Ref. 11͔͒, but nearly identical to the calculated value from the Brillouin scattering measurement on GaN films ͑329 GPa͒. 22 In summary, the mechanical properties of high-quality GaN suspended microstructures fabricated by the GPS technique have been characterized. Raman spectra are carried out to analyze the stress distribution in the GaN microbeams, and stress relaxation has been observed by Raman shift in the suspended GaN microstructures. The Young's modulus of the GaN film is measured by microbeam bending test, and has been estimated to be 330 GPa. 
